Novel trialkylphosphonium ionic liquids chain extenders enabled the successful synthesis of poly(ethylene glycol)-based, cationic polyurethanes with pendant phosphoniums in the hard segments (HS). Aqueous size exclusion chromatography (SEC) confirmed the charged polyurethanes, which varied the phosphonium alkyl substituent length (ethyl and butyl) and cationic HS content (25, 50, 75 mol%), achieved high absolute molecular weights. Dynamic mechanical analysis (DMA) demonstrated the triethylphosphonium (TEP) and tributylphosphonium (TBP) polyurethanes displayed similar thermomechanical properties, including increased rubbery plateau moduli and flow temperatures. Fourier transform infrared spectroscopy (FTIR) emphasized the significance of ion-dipole interaction on hydrogen bonding. Atomic force microscopy (AFM), small-angle X-ray scattering (SAXS), and wide-angle X-ray diffraction (WAXD) supported microphase separated morphologies in the trialkylphosphonium polyurethanes, despite the presence of ionic interactions. Sorption isotherm experiments revealed the TEP polyurethane exhibited the highest water vapor sorption profile compared to the TBP, which displayed similar water sorption profiles to the noncharged analogue. The phosphonium polyurethanes displayed significantly improved tensile strain; however, lower tensile stress of the TEP polyurethane was presumably due to absorbed water. In addition to physical characterizations, we also explored the trialkylphosphonium polyurethanes as nucleic acid delivery vectors. The phosphonium polyurethanes bound DNA at low charge ratios, and the polyplexes exhibited enhanced colloidal stability under physiological salt conditions.
Introduction
The critical elds of biomedical technology and high performance materials demand innovative macromolecular design for multifunctional applications. The literature extensively describes the success of ion-containing polymers, including polyelectrolytes and ionomers, to meet the challenges of emerging technologies from water purication membranes, conductive thin lms, and electro-active actuators to antimicrobial bioadhesives, tissue scaffolds, and drug delivery vehicles.
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Phosphonium-containing polymers are relatively unexplored compared to their ammonium analogues. 3 However, phosphonium cations afford many advantages resulting from the phosphorous electronic distribution, which dictates electronegativity, nucleophilicity, and polarizability. 4, 5 A subtle atomic modication from nitrogen to phosphorus in quaternary salts results in signicant differences in properties including electrostatic strength, ionic conductivity, thermal stability, and chemical resistivity. Phosphonium-containing salts and polymers displayed enhanced resistance to the deleterious Hoffman elimination, which is oen observed for quaternary ammoniums. Recently, our research initiative to explore ammonium-alternative, cationic structures led to the rst report of phosphonium polyelectrolytes and phosphonium diblock copolymers as macromolecular nucleic acid delivery vehicles. 6, 7 Many researchers have elucidated the signicance of noncovalent interactions, including electrostatics and hydrogen bonding, on nanoscale morphologies of polymers with various architectures. Random copolymers of n-butyl acrylate and trialkylphosphonium styrenics demonstrated tunable thermomechanical properties depending on the alkyl length and counteranion. 8 In many instances, hydrogen bonded selfassembly produced synergistic effects with ionic interactions, which resulted in unique microphase separated, nanostructured morphologies. 9, 10 The versatility of the phosphonium cation and signicance of morphology extend beyond bulk polymer properties. Diblock copolymers containing a phosphonium complexation block and poly(ethylene glycol)-based (PEG) stabilizing block produced colloidally stable polymer-DNA polyplexes most likely due to the formation of complex solution structure.
The impact of electrostatic interactions on the morphology of segmented copolymers, have been described in segmented copolyesters, 11 polyurethanes, 12,13 poly(arylene ethers), 14 and ionenes. 15 Polyurethanes are ideal segmented copolymers to probe the interactions between electrostatics and hydrogen bonding. Several studies reported the electrostatic interactions in charged polyurethanes disrupted the hydrogen bonding, which eliminated the microphase separated morphology necessary to maintain suitable mechanical properties.
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Although the electrostatic interactions partially restored the mechanical properties lost from disrupted hydrogen bonding, a sacrice in the tensile properties was oen observed.
Quaternary nitrogens represent the most common example of cationic polyurethanes, and only one example currently exists for phosphonium polyurethanes.
12 This manuscript describes water-dispersible, phosphonium-containing polyurethanes synthesized using novel phosphonium ionic liquid chain extenders. Aqueous size exclusion chromatography (SEC) conrmed high absolute molecular weight polymers. Dynamic mechanical analysis (DMA) supported the presence of a microphase separated morphology, which was further conrmed using complementary characterization techniques including atomic force microscopy (AFM), smallangle X-ray scattering (SAXS), and wide-angle X-ray diffraction (WAXD). Fourier transform infrared spectroscopy (FTIR) conrmed the phosphonium polyurethanes maintained a hydrogen bonded physical network. Thermogravimetric sorption analysis probed the water absorption properties, which provided valuable information for interpretation of the tensile behavior. Our results indicated that ion-dipole interactions promoted more cohesive, microphase separated networks and suppressed hydrogen bonding to the polar PEG SS leading to undesired phase-mixing. Compelling preliminary nucleic acid delivery investigations further demonstrated versatility of the phosphonium polyurethanes for future biological applications.
Experimental section

Materials
Triethylphosphine (99%), tri-n-butylphosphine (anhydrous, 99%), and 1,4-butanediol (BD, anhydrous, 99.5%) were purchased from Sigma-Aldrich and used as received. Poly-(ethylene glycol) (PEG, Sigma-Aldrich, M n ¼ 2000 g mol À1 ) was dried at 60 C under reduced pressure (10 mmHg) for 18 h. 
Polyurethane synthesis
The following procedure for 75 mol% HS tri-n-butylphosphonium (TBP(75)) polyurethane serves as a representative polymerization. Dry PEG (2.5 mmol) was charged into a ame-dried, three-necked, round-bottomed ask equipped with an addition funnel, nitrogen inlet, and overhead mechanical stirrer and purged thoroughly with N 2 . The DBTDL catalyst solution (50 ppm) and HMDI (10 mmol) were syringed into the addition funnel. The reaction ask was rst heated to 70 C, and the DBTDL and HMDI mixture was added aer the PEG thoroughly melted. The reaction continued under constant stirring for 5 h at 70 C. The dry chain extender, tributylphosphonium diol (7.5 mmol), was charged into a separate ame-dried, round-bottomed ask and purged with N 2 . Dry DMF ($10 mL) was cannulated into the ask. The dissolved solution was transferred into the addition funnel and slowly added drop-wise to the reaction. The addition funnel was washed with additional anhydrous DMF and added to the reaction to achieve a nal 10 wt% polymer concentration. The reaction continued for 1 day, and DMF was gently removed at 35 C under reduced pressure (0.1 mmHg) to obtain a concentrated polyurethane solution.
The solution was precipitated into diethyl ether and washed several times. The polyurethanes were dried under reduced pressure (10 mmHg) for 1 day at room temperature and 2 days at 50 C.
Polyurethane lms were solvent coated using a micrometer lm applicator onto silicon-coated Mylar™ substrates. The coating thickness of the polyurethane solution (10 wt% in 90/10 (w/w%) chloroform/methanol) was 0.1 mm for all samples. The lms were dried at 25 C for 1 day, followed by 1 day at 25 C (10 mmHg), and 1 day at 80 C (10 mmHg).
Characterization
All monomers and polymers were dried under reduced pressure (0.5 mmHg) at 80 C overnight prior to characterization. ). A TA Instruments Q5000 thermogravimetric sorption analyzer (TGA-SA) performed sorption isotherm experiments at 25 C on polyurethane samples (75 mol% HS) using a 5% relative humidity (RH) step procedure from 0-95% RH. Each RH step proceeded for 2 h or until the weight stabilized (<0.01% change over 10 min). An instrumental pre-drying method was applied to each sample before the experiment at 50 C and 0% RH.
Dynamic mechanical analysis (DMA, TA Instruments, Q800) revealed PU thermomechanical properties from temperature ramp experiments under an oscillatory tension mode (À100 to 180 C, ramp 3 C min À1 , 1 Hz). A 5500R Instron universal testing instrument performed tensile testing at a cross-head speed of 50 mm min
À1
; the polyurethane tensile stress, % elongation, and Young's moduli are reported based on an average of ve specimens. Fourier transform infrared (FTIR) spectroscopy (Varian ATR-FTIR) evaluated the extent of hydrogen bonding at ambient conditions (128 scans, background subtraction, and ATR corrected). Atomic force microscopy (Veeco Multimode AFM) probed the polyurethane surface morphology under tapping mode (tip spring constant 42 N m À1 , free air amplitude 3.00 V, tapping to free air amplitude ratio ¼ 0.6).
SAXS and WAXD were performed using a Rigaku S-Max 3000 3 pinhole SAXS system, equipped with a rotating anode emitting X-ray with a wavelength of 0.154 nm (Cu Ka). Scattering from a silver behenate standard was used to calibrate the sample-to-detector distance. For SAXS, the sample-to-detector distance was 1603 mm and for WAXD, the sample-to-detector distance was 82.5 mm. Two-dimensional SAXS patterns were obtained using a fully integrated 2D multiwire, proportional counting, gas-lled detector, with an exposure time of 1 h. SAXS data had been corrected for sample thickness, sample transmission and background scattering. WAXD two-dimensional diffraction patterns were obtained using an image plate, with an exposure time of 1 h. All SAXD/WAXD data were analyzed using the SAXSGUI soware package to obtain radically integrated SAXS/WAXD intensity versus scattering vector q (SAXS), where q ¼ (4p/l)sin(q), q is one half of the scattering angle and l is the wavelength of X-ray or 2q (WAXD) proles.
Results and discussion
Water-dispersible, phosphonium polyurethanes were successfully generated using novel trialkylphosphonium diol chain extenders. An efficient, one-step, nucleophilic substitution reaction between 2-(bromomethyl)-2-methyl-1,3-propanediol and trialkylphosphine produced trialkyl(1,3-dihydroxypropyl) phosphonium bromide in high yields (Scheme 1). Both triethylphosphonium (TEP) and tributylphosphonium (TBP) diols exhibited high thermal stabilities above 370 C. The TEP diol displayed a glass transition temperature (T g ) and melting point at À40 and 124 C, respectively. In contrast, the amorphous TBP diol revealed a single T g at À33 C, which classied this monomer as a room temperature ionic liquid. Trialkylphosphonium diols that contain primary hydroxyls served as efficient chain extenders to afford cationic polyurethanes with pendant phosphonium groups in the HS. The rationale for the pendant phosphonium position was to presumably promote facile ionic interactions. Scheme 2 illustrates the two-step synthesis of triethylphosphonium (TEP(x)) and tri-n-butylphosphonium (TBP(x)) polyurethanes, where x represents the mol% HS. Chain extension of the HMDI-endcapped PEG prepolymer with trialkylphosphonium diols afforded cationic phosphonium polyurethanes. Dynamic light scattering of the phosphonium polyurethanes conrmed the absence of polymer aggregation in the aqueous SEC solvent (Fig. S3 †) . Fig. 1 displays representative aqueous SEC light scattering traces for various phosphonium polyurethanes. Table 1 summarizes the absolute molecular weights using experimentally determined dn/dc values. Possible inefficient SEC separation presumably accounted for the low polydispersity; however, all polyurethanes exhibited M n > 23 000 g mol À1 with monomodal distributions. Table 2 provides a summary the polyurethane thermal properties. The trialkylphosphonium polyurethanes displayed similar 5% weight thermal weight loss (T d5% ) to the noncharged analogues at equivalent HS mol%. The phosphonium-containing polyurethanes offered higher thermal stabilities relative to ammonium-based polyurethanes, which showed evidence of Hoffman elimination at 180 C. 18, 19 The phosphonium polyurethanes exhibited a T g at approximately À55
C corresponding to the PEG SS. The BD(75) PEG melting temperature (T m ) at 35 C was higher than the T m ($9 C) observed for TEP(75) and TBP(75). However, at lower HS content, the phosphonium polyurethanes exhibited similar melting temperatures to noncharged controls. Thermal analysis suggested both the noncharged analogue and phosphonium polyurethanes possessed a microphase separated morphology. DMA probed the thermomechanical properties of noncharged and phosphonium polyurethanes containing 75 mol% HS. 
BD ( phosphonium polyurethanes. Both TEP(75) and TBP(75) consistently displayed higher storage moduli between the T g and T m transitions compared to BD(75). The third transition was attributed to the HS T g and the disruption of hydrogen bonding interactions. In the noncharged BD(75), the rubbery plateau terminal region occurred at 60 C. In sharp contrast, TEP(75) and TBP(75) demonstrated higher storage moduli and an extended rubbery plateau compared to BD(75). Interestingly, the phosphonium polyurethane alkyl length did not affect the rubbery plateau modulus, which suggested the physical crosslink density related to the hard segment content on electrostatic interactions. TBP(75) displayed two distinct transitions associated with hydrogen bonding dissociation and viscous ow at 110 C and 160 C, respectively. The sharp contrast in the thermomechanical properties of the noncharged analogue and phosphonium polyurethanes suggested that the phosphonium charge promoted a more well-dened, microphase separated morphology, which resulted in higher storage moduli and extended rubbery plateaus. Painter and coworkers reported hydrogen bonded urethane N-H and ether oxygen occurred more frequently in polyurethanes containing a more polar SS such as PEG, which accounted for more phase-mixing. 20 The incorporation of phosphonium cations into the polyurethane HS functioned synergistically with hydrogen bonding interactions, which led to improved microphase separation and enhanced thermomechanical properties compared to the noncharged control. Goddard and Copper observed similar trends in ammonium polyurethanes and concluded the cationic ammonium group promoted hydrogen bonding and microphase separation.
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Fourier transform infrared spectroscopy (FTIR) probed various hydrogen bonding interactions in noncharged and phosphonium polyurethanes using the urethane N-H ($3100-3550 cm À1 ) and carbonyl ($1650-1800 cm À1 ) stretching regions (Fig. 3) . Noncharged polyurethanes typically display two main N-H absorption bands associated with the "free" N-H stretch at 3500 cm À1 and hydrogen bonded N-H at lower wavenumbers.
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Several investigations reported on the complex hydrogen bonding interactions arising from multiple proton donoracceptor pairs. [23] [24] [25] In the noncharged BD(75), the two primary hydrogen bond acceptors are urethane carbonyls and PEG ether oxygens (Fig. 3a) . The BD(75) FTIR spectra displays a small shoulder at 3326 cm À1 and a dominant stretch at 3300 cm More importantly, unlike urethane N-H and ether oxygens hydrogen bonding, which promoted phase-mixing, the iondipole interactions in phosphonium polyurethanes occurred preferentially within the HS matrix and provided an explanation for the improved thermomechanical behavior. The FTIR carbonyl spectral region provides additional characterization of the molecular hydrogen bonding environment and supports similar trends observed in the N-H region (Fig. 3b) . Polyurethanes with high SS content display a low-frequency absorbance at 1730-1740 cm À1 commonly assigned to free carbonyls. 22, 24, 28, 29 As the hydrogen bond alignment increases though ordering within the HS matrix, the strength of the hydrogen bonding interactions improves, which result in lower frequency carbonyl absorbance. In conventional polyurethanes, disordered hydrogen bonding are weaker interactions that typically occurred within the phase-separated interface, SS matrix, or phase-mixed regions. 20 BD(75) revealed two distinct carbonyl environments of similar intensities at 1712 and 1695 cm À1 corresponding to the disordered and weakly associating, ordered hydrogen bonded urethane carbonyls, respectively. In contrast, phosphonium polyurethanes displayed a single peak at 1700 cm
À1
suggesting a distinct carbonyl environment related to weakly associating, ordered carbonyls within the HS matrix. The slightly higher peak value in the phosphonium polyurethanes likely resulted from the alkyl steric hindrance which may reduce the hydrogen bonding order compared to the linear butanediol. Atomic force microscopy elucidated the inuence of phosphonium cations on the polymer surface morphology. Both the noncharged and phosphonium polyurethanes contained irregularly structured, hard domains (light colored) dispersed within the SS matrix (dark colored) (Fig. 4) .
30,31 BD(75) exhibited the least dened microphase separated morphology, suggesting evidence of phase-mixing particularly at the HS-SS interface. In contrast, microphase separation improved for the phosphonium polyurethanes from the ethyl to butyl substituents. The HS-SS interface becomes increasingly distinct relative to the noncharged control. Furthermore, the TBP(75) hard phase appeared smaller and more percolated throughout the low-T g matrix, suggesting a higher degree of HS interconnectivity.
SAXS provided complementary analysis of the bulk morphology to conrm the presence of microphase separation. Table 3 summarizes the interdomain spacing from SAXS analysis for BD(75), TEP(75), and TBP(75). Both the noncharged and phosphonium polyurethanes exhibited a single, broad intensity peak characteristic of non-uniform microphase-separated morphology oen observed in segmented block copolymers (Fig. S6 †) . 30, [32] [33] [34] [35] [36] The peak position at maximum scattering intensity, q max , relates to the interdomain spacing, d, according to Bragg's law:
The SAXS results indicated the trialkylphosphonium functionality did not impact the interdomain spacing, which were similar to the BD(75) noncharged analogue. The difference in the scattering intensity for TEP(75) was most likely due to scattering contrast. The WAXD analysis conrmed the presence of PEG crystallinity in BD(75), which was not observed in the phosphonium-containing polyurethanes (Fig. S7 †) .
Tensile testing indicated that the phosphonium polyurethanes offered signicantly improved mechanical properties compared to neutral controls (Table 4 ). Both TEP(75) and TBP(75) had 100% increase in tensile strains compared to BD(75) (Fig. 5) . The semicrystalline PEG phase in BD(75) possibly reduced SS exibility, which resulted in lower elongations. In the phosphonium polyurethanes, the combination of an amorphous, low-T g phase and improved microphase separation likely contributed to increased elongations and Young's moduli. Higher Young's moduli in the phosphonium polyurethanes reected greater hard domain cohesive strength.
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Furthermore, evidence of modest strain hardening, associated with ordered alignment of the HS domains during deformation, further supported a well-dened, microphase separated morphology.
Tensile analyses also supported the impact of alkyl length on mechanical properties. The TBP(75) displayed a distinct yield point corresponding to plastic deformation of the hydrogen bonded, highly interconnected hard phase. In contrast, the TEP(75) displayed a noticeably lower tensile stress compared to both TBP(75) and BD(75). This observation led to an investigation of the polyurethane water sorption behavior. Fig. 6 illustrates the sample weight% as a function of %RH during a thermogravimetric water sorption experiment. The TEP(75) clearly exhibited the highest water absorption at every %RH, and the TBP(75) displayed a similar water absorption prole to the BD(75). These results suggested the TBP(75) was less hygroscopic than the TEP(75) due to the longer butyl chains. The higher absorbed water content in TEP(75) presumably functioned as a HS plasticizer, which lowered the tensile stress. Further investigations of the water sorption kinetics will provide complementary information on the effect of the phosphonium alkyl length. Previous investigations reported increased tensile strengths and reduced strains in ionic polyurethanes when the extent of electrostatic interactions exceeded hydrogen bonding associations. 38, 39 Our results demonstrated that the phosphonium polyurethanes possessed desirable synergistic interactions, which signi-cantly contributed to the overall improved mechanical performance.
A desirable feature of the phosphonium polyurethanes was their spontaneous water-dispersibility and formation of nonaggregated, nanoparticles in solution. DLS investigations showed the phosphonium polyurethanes with longer butyl substituents produced larger nanoparticles in solution compared to ethyl analogues (Fig. S4 †) . Furthermore, the size of the particle decreased with increasing HS content. Typically, ionic polymers in salt-free aqueous conditions exhibit largescale aggregation due to hydrophobic interactions. 40 The absence of aggregation as shown by DLS strongly suggests that these phosphonium polyurethanes may exhibit interesting solution morphologies similar to other block copolymer surfactants and previously described polyurethane ionomers.
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Further investigations on the long-term colloidal stability and characterization of the solution structures are necessary to conrm our hypothesis.
The water-dispersible phosphonium polyurethanes demonstrated potential as nonviral, macromolecular gene delivery vehicles. DNA binding gel shi assays conrmed DNA binding at low charge (+/À) ratios, where (+) represents the number of positive polymer cationic sites and (À) represents the number of negative DNA phosphate groups (Fig. 7) . As expected, the +/À ratio at complete DNA binding decreased from 4 to 2 with increasing HS content due to a higher cationic content. In general, DLS investigations found that the size of the polyplexes systematically decreased with increasing HS content, which presumably related to stronger DNA-polymer interactions with increasing cationic charge density. Furthermore, DLS studies veried the polyplexes formed from TBP(50) and TBP(75) maintained particle stability over 24 h in physiological salt solutions (Fig. 8) . However, TBP (25) showed an increase in the particle size attributed to the release of DNA aer 24 h from weaker binding. These preliminary investigations indicated that phosphonium polyurethanes serve as promising vectors for nucleic acid delivery. 
Conclusions
Cationic polyurethanes possess several desirable advantages including improved microphase separation and mechanical performance for a variety of applications from high performance engineering thermoplastics to innovative biomaterials. This manuscript reports the synthesis of cationic polyurethanes bearing pendant trialkylphosphoniums using novel ionic liquid, phosphonium chain extenders. Polyurethane compositions varied the HS content and alkyl substituent to elucidate their inuence on thermomechanical properties and morphology. The phosphonium polyurethanes demonstrated signicantly higher rubbery plateau moduli, increased ow temperature from 60 to 160 C, and evidence of microphase separation. FTIR spectroscopy revealed the phosphonium polyurethanes maintained hydrogen bonding, and hydrogen bonding to anions within the HS most likely served as the predominant driving force for microphase separation. Morphological investigations employed both AFM and SAXS, and conrmed microphase separated morphologies with more dened HS features in tributylphosphonium polyurethane compared to the triethyl analogue. The enhanced microphase separation led to improved tensile stress and strain properties compared to the noncharged control. Preliminary nucleic acid delivery studies veried the TBP polyurethanes bound DNA at low charge ratios, and DLS conrmed increasing polyplex stability with higher cationic charge. Our investigations demonstrated the phosphonium polyurethanes offered desirable properties for a broad range of emerging applications.
